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Abstract. A species diet offers information on its trophic level and its roles in the community. Tadpoles are known to be 
important components of aquatic food webs, however little is known about their feeding habits and food preferences. 
Tadpole ecomorphotypes have been shown to relate to their diet, but some consumed food resources are not available at 
preferred feeding microhabitats, such as pollen for benthic tadpoles. Pollen has high nutritive value, thus tadpoles may 
change their feeding behavior in order to explore it. We tested this hypothesis by offering fed or hungry tadpoles pollen on 
the water surface at three different depths, with or without an alternative food source. We noticed that pollen consumption 
decreased with increased depth, what is in accordance with optimal foraging theory, as the tadpoles have to make longer 
maneuvers to achieve the pollen from the bottom in deeper water. That is likely also the reason why tadpoles decreased 
pollen consumption when provided with alternative food on the bottom, where they usually forage. However, increased 
difficulty and alternative food sources did not prevent tadpoles to feed on pollen, showing that they can be flexible enough 
to change their feeding habits in order to opportunistically explore new nutritive food sources. 
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Introduction 


A species diet indicates its role in the trophic web and re- 
veals important connections among species in commu- 
nities (DUTRA & CALLISTO 2005, SCHIESARI et al. 2009). 
Amphibian larvae have important roles in aquatic food 
chains and connect aquatic and terrestrial energy cycles 
(SEALE 1980, OSBORNE & MCLACHLAN 1985, ALTIG et al. 
2007). However, knowledge on tadpole trophic ecology is 
relatively limited (ALTIG et al. 2007, MONTANA et al. 2019). 

Contrary to old assumptions that considered tadpoles as 
non-selective feeders with little niche differentiation, tad- 
pole diets are diverse (SCHIESARI et al. 2009) and can in- 
clude algae, fungi, amoebae, eggs of aquatic invertebrates, 
vegetal debris, pollen, amphibian eggs and larvae (ALTIG 
et al. 2007, WELLS 2007, KLOH et al. 2019). Pollen from 
Gymnosperma and Angiosperma are rich in amino acids, 
vitamin, lipids, and thus a nutritive food resource (PALA- 
NIVELU & TSUKAMOTO 2011, FRIAS et al. 2016). Pollen en- 
ters aquatic food webs through pollen rains that deposit 
on water surface. It is an important allochtonous carbon 
and phosphorus source that boosts microbial growth and 
is ultimately transferred to zooplankton consumers (Mas- 


CLAUX et al. 2013). Although it has received little attention 
as a component of tadpole diets, is commonly present in 
the diet of some species (WAGNER 1986, KLOH et al. 2018, 
2019), such as Ololygon machadoi (BOKERMANN & SAZIMA 
1973), which search for and intentionally eat pollen. 

The tadpoles of O. machadoi are benthic (BOKERMANN 
& SAZIMA 1973) and would thus be expected to feed on the 
bottom (ALTIG & JOHNSTON 1989). They occur in rocky 
streams in montane meadows (“Campos Rupestres”) in 
southeastern Brazil, which are considered oligotrophic 
habitats (MENDES 2003). In that habitat, pollen could be 
an important nutritive resource for the tadpoles. However, 
because pollen may have bladders that make them buoy- 
ant (MAscLaux et al. 2013), they may take time to sink 
and lose nutritious value with time (KELLER et al. 2005). 
To maximize the value of feeding on pollen, tadpoles may 
benefit from ingesting pollen while it is fresh on the water's 
surface. 

In this study, we explore the circumstances when 
O. machadoi tadpoles alter their benthic behavior in order 
to capture and profit from pollen on the water’s surface. We 
tested tadpoles in two developmental stages, and under sa- 
tiety and hunger conditions. Tadpoles were subject to one 
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of three water levels and had an alternative food source or 
not during the trials. We expected larger tadpoles to eat 
more pollen than smaller tadpoles due to likely greater en- 
ergy needs. We expected hungry tadpoles to consume more 
pollen, especially at low water level, where they needed to 
spend less energy to reach the water surface. We also ex- 
pected tadpoles to eat less pollen when an alternative food 
source was available on the bottom, with easier access. 


Materials and methods 
Study system and sampling 


Tadpoles of Ololygon machadoi were obtained for this 
study at a third order stream (sensu STRAHLER 1957) 
(19°16'3.35” S, 43°30°56.23” W, 1,000 m a.s.l.) from the 
Doce water basin located in the Parque Nacional (National 
Park) Serra do Cipó (PNSC), at the southern portion of 
the Espinhaco mountain range, in southeastern Brazil. The 
stream has low nutrient concentrations and can be con- 
sidered as oligotrophic (MENDES 2003). The climate at the 
PNSC presents a dry, cold season from April to Septem- 
ber and a wet, warm season from October to March. Mean 
monthly temperatures vary between 13 and 29°C and mean 
annual rainfall, between 1460 and 2490 mm (VIVEROS 
2010). 

Ololygon machadoi is endemic from the Espinhaço 
mountain range, a priority area for conservation in Brazil 
due to its great species diversity and levels of endemism 
for varied taxa (LEITE et al. 2008). It breeds year-round in 
permanent streams (ETEROVICK & SAZIMA 2004). The tad- 
poles have slow development, taking about five months to 
reach metamorphosis (ETEROVICK & SAZIMA 2004). They 
are easily recognizable due to their dark body crossed by 
bright yellow bars (ETEROVICK et al. 2018, Fig. 1A). They 
have an ovoid body, ventral mouth and dorsal eyes (Fig. 
2A), being characterized as benthic (PIMENTA et al. 2014). 
They eat algae (Zygnematophyceae, Euglenophyceae, Bacil- 
lariophyceae, and Cyanophyceae), testate amoeba, vegetal 
debris, and pollen at the study site (KLOH et al. 2019), be- 
ing normally seen at the bottom of streams (ETEROVICK 
& SAZIMA 2004). Their oral disc is not laterally emargin- 
ated, with biseriate marginal papillae around the whole pe- 
rimeter, a keratinized beak, and labial tooth row formu- 
la (LTRF) 2(2)/3 (PEZzZUTI 2019; Fig. 2B), characterizing a 
benthic scraper. It is likely adapted to microhabitats with 
little water flow due to the absence of attaching structures 
in the mouth (ALTIG et al. 2007). The oral disc is more 
prominent compared to other species with similar body 
features and biology, what could favor pollen capture on 
the water surface, when tadpoles can use their oral discs as 
a basal funnel. The marginal papillae could also aid to pol- 
len sorting and capture. 

Tadpoles of O. machadoi can be observed year-round, 
using varied types of microhabitats. We observed these tad- 
poles to swim to the surface and turn their ventral region 
upwards to capture floating pollen grains at sites with slow 
or no water flow close to flowering plants at the margins. 
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We collected O. machadoi tadpoles and pollen from Ti- 
bouchina martiusiana (DC.) Cogn. (Melastomataceae) for 
our experiments at the aforementioned stream in January 
2019. Tibouchina martiusiana grows up to about 1.50 m high 
and flowers year-round. This shrub is adapted to high sun 
incidence at the “Campos rupestres” and is common along- 
side streams at the PNSC (MARTENS 2008). We collected 
30 flowers for pollen from plants located up to 1 m from 
stream margins. We stored the flowers in plastic bags within 
polystyrene foam boxes with ice for transport to the labora- 
tory (a 2-hour-drive). At the laboratory, we extracted pollen 
from the flowers with tweezers under a stereomicroscope 
and stored it at -4°C to avoid nutrient loss / degradation. 

We captured tadpoles with dipnets while progressing 
upstream to avoid disturbing them with our movement in 
the water. We collected 120 tadpoles along a 150 m exten- 
sion of the stream, including 60 tadpoles in developmen- 
tal stage 25 and 60 in developmental stage 30 (sensu Gos- 
NER 1960). We transported the tadpoles in plastic bags with 
aged mineral water, which were accommodated amidst ice 
packs within polystyrene foam boxes. 


10 cm 


Figure 1. Tadpole of Ololygon machadoi in developmental stage 
25 (A, photography by Tiago Leite Pezzuti), schematic represen- 
tation of water levels in experimental containers (B) and tadpole 
maneuver to reach pollen on the water surface (C). The scale bar 
in A represents 10 mm. The tadpole in C is represented out of 
scale for greater detail. 


Tadpoles feeding on pollen 


Experimental design 


At the laboratory, tadpoles were individually allocated in 
polyethylene transparent containers (35 cm high, 10 cm di- 
ameter) with aged mineral water and randomly assigned to 
two experimental groups: one group received commercial 
fish food (Probetta Show”, 0.0215 g per individual every 
3 hours) and the other received no food for 12 hours, be- 
fore we started the experiments. Each group included 30 
tadpoles in each of the two developmental stages. We have 
previously used this fish food to feed tadpoles in the labo- 
ratory and they showed normal growth during limited pe- 
riods (up to a month). Colleagues have successfully used 
this and similar fish commercial foods for longer mainte- 
nance of tadpoles of other species (C. Vinicius, C. LISBOA, 
I. F. MACHADO, T. KoHLsporF pers. comm.). We consid- 
ered it to be a nutritive food, as it contains components 
from fungi, animal and vegetal origins (fish, shrimp, corn, 
soy protein, yeast, algae, spirulin, vitamins, and antioxi- 
dants according to the manufacturer). 

For the experiments we used 120 of the same polyeth- 
ylene containers with three different amounts of water to 
produce: 1) low water level (400 ml of water to fill the con- 
tainer up to 5 cm); 2) intermediate water level (1 liter of 
water, to 15 cm) and 3) high water level (2 liters of water, 
to 30 cm; Fig. 1B). We manipulated water depths based on 
depths of microhabitats where O. machadoi tapdoles nor- 
mally occur within their natal stream (PCE, unpublished 
data). We assigned 20 tadpoles (10 of each developmental 
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Figure 2. Lateral view (A) and details of the oral disc (B) of the 
tadpole of Ololygon machadoi. 


stage) from the two dietary groups (tadpoles with or with- 
out food for 12 hours) to each water level treatment. The 10 
tadpoles within the same developmental stage, previously 
determined hunger level, and water level were divided be- 
tween two food treatments, that were introduced two min- 
utes after tadpole placement in the recipient: (1) they either 
received five pollen grains (+ 0.198 g) and five fish food pel- 
lets (+ 0.0215 g) or (2) just five pollen grains (+ 0.0198 g). 
The pellets sink to the bottom, whereas the pollen remains 
on the water surface. 

We then observed the tadpoles at a distance (2 m) dur- 
ing one hour and at the end, we counted the remaining 
pollen grains and fish food pellets at each recipient. No 
pollen grains sank during the experiment. At the end of 
the experiment, we euthanized the tadpoles with xylocain 
10% and deposited them in the Amphibian Collection of 
the Museu de Ciéncias Naturais of the Pontificia Univer- 
sidade Católica de Minas Gerais (MCN-AM) as testimony 
material. We did not return the tadpoles to their original 
habitat after taking them to the laboratory to avoid any po- 
tential contamination with diseases, because we have no 
information about such risk. 

We tested the 120 tadpoles (5 tadpoles x 2 developmen- 
tal stages x 2 hunger levels x 3 water levels x 2 food treat- 
ments) simultaneously under natural day light at ambient 
temperature (22°C). 


Statistical analyses 


We compared pollen consumption (i.e., number of pollen 
grains ingested as a dependent variable) among tadpoles 
from two developmental stages (25 and 30) subject to two 
previously determined hunger levels (hungry or fed), three 
water levels (low, medium, and high) and in the presence 
or absence of an alternative food source (i.e., fish food) as 
explanatory variables. 

We built Generalized Linear Models (GLMs) with the 
packages car (Fox & WEISBERG 2011) and MASS (VENaA- 
BLES & RIPLEY 2002) in R (R Core Team 2020). We then 
used the package MuMIn (BARTON 2019) for R (R Core 
Team 2020) to select the best models controlling the over- 
all type I error rate (HoTHORN et al. 2008). Lastly, we con- 
ducted Tukey post hoc tests with the package emmeans in 
R (RUSSELL 2020). 


Results 


Ololygon machadoi tadpoles fed on pollen under all experi- 
mental conditions, but in different amounts. When reach- 
ing for pollen (Fig. 1C), tadpoles initiate their movement 
turning their heads to the right (70% of individuals, Fig. 3) 
or to the left (30% of individuals). Afterwards they swim 
bending their bodies in pitch up (sensu FisH & LAUDER 
2017) to the left or to the right respectively (depending on 
the side they initiated the movement) until they reach % 
of the distance to the surface. Then they turn to the right 
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or to the left respectively, and continue in pitch up until 
they approach the surface, where they perform a pitch back 
movement turning their ventral region towards the surface 
at an angle of 30 degrees, their mouths touching the water 
surface. The tadpoles then perform continuous yaw move- 
ments, when their tails wag laterally, allowing them to 
move at the surface while they feed on pollen. When they 
are done feeding, they make a fast roll twisting the tail and 
turning the ventral region towards the bottom. During this 
movement, 80% of the tadpoles turn to the left, including 
all the ones that started the movement turning their heads 
to the right and some the the ones that started turning their 
heads to the left. 

The best model to explain pollen consumption includ- 
ed all variables, but no interactions among them (Table 1). 
Tadpoles in stage 25 consumed more pollen (n = 81 grains) 
than tadpoles in stage 30 (n = 28 grains; deviance = 26.896, 
df = 1, p < 0.001). Tadpoles that were kept without food 
for 12 hours before the experimental trials ate more pol- 
len (n = 84 grains) than tadpoles that were fed during this 
period (n = 25 grains; deviance = 33.713, df = 1, p < 0.001). 
Tadpoles that were offered fish food as an alternative food 
item during the experiments ate less pollen (n = 44 grains) 
than those that received just pollen (n = 65 grains; deviance 
= 4.071, df =1, p = 0.044). Pollen consumption increased as 
water level decreased (deviance = 28.682, df = 2, p < 0.001). 
Pollen consumption at low water level (n = 63 grains) was 
greater than both at medium (n = 27 grains; Tukey estimate 
= 0.847, Z = 3.684, p < 0.001) and high water levels (n = 19 
grains; Tukey estimate = -1.199, z = -4.580, p < 0.001). Con- 
sumption at medium and high water levels did not differ 
(Tukey estimate = -0.351, Z = -1.173, p = 0.469; Fig. 2). 


Discussion 


Ololygon machadoi ate pollen under all experimental con- 
ditions, even when they suffered no food deprivation and 
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Figure 3. Schematic representation of Ololygon machadoi tadpole 
maneuver to reach pollen at the water surface. 
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had an easily accessible alternative food source. Pollen can 
be very important in some freshwater food chains (Mas- 
CLAUX et al. 2013) and is considered an important nutri- 
ent source for several animals (KELLER et al. 2005, FRIAS 
et al. 2016). Pollen is estimated to provide 240-305 kcal per 
100 g dry weight, which makes it an exceptional high ca- 
loric food compared to phytoplankton with 30-60 kcal for 
the same dry weight (PINTO-COELHO 2009). In bees, pol- 
len consumption can increase life span, boost hypopharyn- 
geal gland development and the immune system, making 
the insects more resistant to parasites and viruses (FRIAS et 
al. 2016). The effects of pollen on tadpoles is still unknown, 
but it may be an important and diverse food source, espe- 
cially in the tropical region rich in pollen producing plant 
species (PALANIVELU & TSUKAMOTO 2011). 

The tadpoles of O. machadoi exhibited lateralization 
in their maneuvers to reach for pollen. Lateralization has 
already been described to occur in fish, amphibians, and 
reptiles and related to feeding behavior (SOVRANO 2007, 
STANCHER et al. 2018). Most individuals of O. machadoi 
turned to the left during spin and roll movements. This 
could be related to the presence of the spiracle at the left 
side (GOREE & WASSERSUG 2001), what could optimize 
oxygen flow during the movements (GOREE & WASSERSUG 
2001, STANCHER et al. 2018). However, some studies sug- 
gest that side preferences would be more strongly related to 
phylogeny than to external morphology (WassERsuc et al. 
1999). Lateralization studies are still incipient in tadpoles, 
with most studies on amphibians focusing on post-meta- 
morphic individuals (WASSERSUG et al. 1999). 

Contrary to our expectations, tadpoles in developmen- 
tal stage 25 ate more pollen than larger tadpoles in develop- 
mental stage 30. Tadpoles of O. machadoi hatch at stage 25 
and are susceptible to predators due to their small size. Tad- 
poles have a great nutrient need in order to be active and 
grow quickly (WAssERSUG, 1975). Tadpoles in developmen- 
tal stage 30 are heavier and likely must expend more energy 
to turn and move their bodies up to the surface, increasing 
the energetic costs of pollen acquisition. This is in accord- 
ance with the optimal foraging theory (MACARTHUR & P1- 
ANKA 1966), which predicts that foragers should invest in 
food items that provide the greatest nutritional advantage 
(energy gain) with the lowest costs (energy expenditure for 
food acquisition). This theory is also compatible with the 
decrease of pollen consumption as water level increased, 
representing a longer distance upwards to be covered by 
tadpoles trying to feed on pollen at the surface. Greater 
pollen proximity provided by lower water levels may also 
have intensified the cues used by tadpoles to detect it, en- 
couraging its pursue. 

In O. machadoi natural habitats, food abundance var- 
ies spatially (KLOH et al. 2019) and likely also temporally. 
The periphyton algal community, for instance, can be in- 
fluenced by water flow, that depends on rainfall and dis- 
charge (NECCHI-JR. et al. 1991). Pollen availability on the 
water surface may be influenced by both water flow and 
pollen production as a result of plant reproductive cycles. 
Tibouchina martiusiana flowers year-round, but an in- 


Tadpoles feeding on pollen 


crease in the number of flowers can be noticed during the 
rainy season, also coinciding with the presence of the high- 
est numbers of newly hatched O. machadoi tadpoles (JSK, 
pers. obs.). Thus, pollen is likely to represent an important 
food source for initial tadpole growth, corroborating our 
results of higher likeliness of smaller tadpoles to feed on 
pollen. 


Stage 25 
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Different feeding strategies are linked to different 
phenotypes (BEGON et al. 2007), and this also applies to 
tadpoles (CANDIOTI 2007). Being benthic, tadpoles of 
O. machadoi are adapted to feed on the bottom, but their 
behavioural plasticity demonstrated here corroborates the 
importance of flexible feeding strategies for better food 
harvesting. Waiting for pollen grains to sink would not be 


Stage 30 
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Figure 4. Box plots representing ingestion of pollen (p, plain bars) and fish food pellets (f, dashed bars) by Ololygon machadoi tadpoles 
in developmental stages 25 (A, C) and 30 (B, D) offered just pollen (A, B) or pollen and fish food (C, D). Tadpoles were submitted 
to two previous feeding regimes that consisted in receiving no food (hungry) or fish food (fed) for 12 hours before the experimental 
trials and three water levels (low, medium, and high) in the experimental containers. 
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so profitable, as pollen loses its nutritional value over time 
and it can be carried away by the water flow before it sinks 
(KELLER et al. 2005). Pseudacris regilla (BAIRD & GIRARD, 
1852) tadpoles are also able to somehow detect pollen on 
the water surface and evaluate its quality. These tadpoles 
adjust their feeding behavior during gymnosperm pollen 
dispersion, when they elect pollen as a preferential food 
resource (WAGNER 1986). 

This study demonstrates that tadpoles can actively se- 
lect their food to the point of altering their feeding be- 
havior in order to opportunistically acquire nutritive food 
items with more difficult access. The accessibility of food 
for tadpoles is intimately dependent on their morphologi- 
cal attributes (ANNIBALE et al. 2019), and in our study we 
have shown that the tadpoles of O. machadoi can overcome 
morphological limitations (i.e., the ventral position of the 
oral disc as an unfavorable feature for surface feeding) with 
behavioural maneuvers in order to reach a profitable re- 
source. Our study represents an example of optimal for- 
aging theory, in which the energetic costs of food acquisi- 
tion may be compensated by its nutritional value. Tadpoles 
are under strong pressure to acquire nutrients for growth 
and development, and here we have shown that they can 
be flexible and adapt to explore occasional profitable food 
sources via behavioural plasticity. 
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